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Abstract 

The objects of this study were to determine the responses of 
a cancellous bone site with a closed growth plate (the distal 
tibial metaphysis, DTM) to ovariectomy (OVX) and OVX 
plus a prostaglandin E 2 (PGE 2 ) treatment, and compare the 
site’s response to previous findings reported for another site 
(the proximal tibial metaphysis, PTM). Thirty-five 3- month- 
old female Sprague-Dawley rats were divided into five 
groups: basal, sham-OVX, and OVX+O, +1, or +6 mg 
PGE 2 /kg/d injected subcutaneously for 3 months and given 
double fluorescent labels before sacrifice. Cancellous bone 
histomorphometric analyses were performed on 20-p.m-thick 
undecalcified DTM sections. Similar to the PTM, the DTM 
showed age-related decreases in bone formation and in- 
creases in bone resorption, but it differed in that at 3 months 
post-OVX, there was neither bone loss nor changes in for- 
mation endpoints. Giving I mg PGE 2 /kg/d to OVX rats pre- 
vented most age-related changes and maintained the bone 
formation histomorphometry near basal levels. Treating 
OVX rats with 6 mg PGE 2 /kg/d prevented age-related bone 
changes, added extra bone, and improved microanatomical 
structure by stimulating bone formation without altering 
bone resorption. Furthermore, after PGE 2 administration, 
the DTM, a cancellous bone site with a closed growth plate, 
increased bone formation more than did the cancellous bone 
in the PTM. 

Key Words: Cancellous bone — Closed growth plate — 
Prostaglandin E 2 — Bone formation — Bone resorption — 
Ovariectomized rats. 


Introduction 

Osteoporotic fractures in humans are limited to vertebrae, prox- 
imal femur and the wrist (Lindsay & Cosman 1992). In light of 
this, understanding the differences in bone site behavior among 
various animal species may lay the foundation for explaining 
site-specific differences in fracture rates. Despite the importance 
of this, studies of the behavior of different bone sites are limited. 


♦Present address: Department of Metabolic Diseases, Pfizer Central Research, 
Groton, CT 06340, USA. 


Large animal and human studies are restricted to iliac crest bi- 
opsies (Podenphant & Engel 1987; Kimmel & Jee 1982). 

In small animals, the ovariectomized-osteopenic rat model 
has been widely accepted for the study of the prevention and 
treatment of estrogen-deficient bone loss (Kalu et al. 1991; 
Wronski & Yen 1992). Most studies using this model have fo- 
cused on the proximal tibial metaphysis (PTM) with fewer fo- 
cusing on the distal femur metaphysis (DFM) and the lumbar 
vertebral body (LVB) (Kalu et al. 1991; Wronski & Yen 1992; 
Jee 1991c; Gasser & Jerome 1992, Wronski et al. 1989b). All 
these sites have nonfused growth plates. 

To date, no studies have been performed on a metaphysis 
with a fully closed growth plate and low turnover rate. One such 
site in the rat is the distal tibial metaphysis (DTM), where the 
growth plate closes at 3 months (Dawson 1925). Recently, we 
described the histomorphometry of untreated and PGE 2 -treated 
cancellous bone in the DTM in 7-13-month-old males. We 
found that the site contains low turnover cancellous bone and 
trabeculae similar in architecture to that seen in man. We also 
found that PGE 2 treatment induced more new bone formation in 
the DTM than in the PTM (Ke et al. 1993a; Ito et al. 1993). 
However, it still remained to be determined if the DTM would 
behave similarly in the estrogen-deficient (OVX) rat given 
PGE 2 . 

The current study is a continuation of a previous study by Ke 
et al. (1992c, 1993b) in which PGE 2 was used to prevent OVX- 
induced cancellous and endocortical bone loss. The cancellous 
and cortical bone sites analyzed were the PTM and the tibial 
shaft (TX). This report will deal with the following observations 
in the DTM: 1 ) the aging changes between 3 and 6 months; 2) the 
effects of OVX; 3) the responses to PGE 2 in the OVX rats; and 
4) the comparative responsiveness of the DTM and the PTM to 
PGE 2 in OVX rats. 

Materials and Methods 

A complete description of the materials and methods we used 
was detailed in Ke et al. (1992c, 1993b). Briefly though, we 
divided 35 3-month-old virgin female Sprague-Dawley rats, 
weighing approximately 255 g (Charles River Laboratory, Inc., 
Portage, MI), into five groups. The first group was sacrificed at 
day 0 for basal controls. Group 2, used as aging controls, was 
sham-OVX and injected daily with a 20% ethanol vehicle for 90 
days. Groups 3-5 were ovariectomized and simultaneously given 
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vehicle (OVX + 0), 1 (OVX + 1) and 6 (OVX + 6) mg/kg/d pros- 
taglandin E 2 subcutaneously for 90 days. There were 6-9 ani- 
mals in each group. Powdered PGE 2 (Upjohn Co., Kalamazoo, 
MI) was prepared as previously reported (Ke et al. 1991). All 
rats received 25 mg/kg of tetracycline (achromycin-tetracycline 
hydrochloride; Lederle Laboratory, Pearl River, NY) on days 14 
and 13 before sacrifice and 10 mg/kg of calcein (Sigma Chemical 
Co., St. Louis, MO) on days 4 and 3 before sacrifice. Except for 
the basal group, all rats also received a subcutaneous injection of 
90 mg/kg xylenol orange (Fisher Scientific, Fairlawn, NJ) on 
day 0. 

The rats were exsanguinated by heart puncture under keta- 
mine anesthesia. The left tibia, lumbar vertebrae, femurs, serum 
and soft tissue were collected for future analyses. The right tibia 
was removed and defleshed. The distal tibia was cut at the ti- 
biofibular junction, stained in Villanueva bone stain, and then 
processed to 100-p.m-thick longitudinal undecalcified sections 
for microradiography. The sections were further ground to 20 
p,m for static and dynamic histomorphometric measurements 
(Jee et al. 1983; Ito et al. 1993). 

Using a Video Image Analysis System and KSS Image Anal- 
ysis Computer Programs, we determined total tissue area, tra- 
becular bone area and perimeter. The measurements were taken 
from the area between the former epiphyseal-metaphyseal junc- 
tion to 4 mm proximal to the junction. The percent trabecular 
bone area, trabecular width, number and separation were calcu- 
lated from these measurements. The microanatomic trabecular 
bone structure indices were then measured. These indices con- 
sisted of the number of nodes, node to node, node to free end and 


free end to free end. The measurements were then normalized to 
total tissue area and trabecular bone area in order to calculate 
their tissue- and bone-based densities (Garrahan et al. 1986; 
Compston et al. 1987, 1989; Ke et al. 1992c). 

A digitizing image analysis system (DIAS) was used for the 
static and dynamic histomorphometric measurements of the 20- 
fxm sections of the distal tibial metaphyses. We used the same 
areas in the microradiographs for histomorphometric measure- 
ments. The parameters included total tissue area, trabecular bone 
area, perimeter and wall width, eroded perimeter, osteoid pe- 
rimeter, single-labeled perimeter, double-labeled perimeter and 
interlabeling width. These parameters were used to calculate 
percent trabecular bone area, trabecular width, number and sep- 
aration, as well as percent osteoid perimeter, percent eroded 
perimeter, percent labeled perimeter (double label + Vi single 
label based), mineral appositional rate, bone formation rate-bone 
area and tissue area referent, formation period, resorption pe- 
riod, remodeling period, quiescent period and activation fre- 
quency (Frost 1976, 1977, 1981, 1983; Parfitt et al. 1987). We 
also determined the amount of newly formed cortical bone, 
which was found in the area between the xylenol orange label 
and the periosteal or endocortical surfaces (Figs. 8 and 9). 

We evaluated the statistical differences between basal and 
other groups using the two-tailed Student’s / test. The statistical 
differences between the sham-OVX and treatment groups were 
evaluated using ANOVA with Dunnett’s t test (Neter & Wasser- 
man 1982). A Z test (Nanivadekar & Kannappan 1990, 1991; 
Zhao et al. 1990; Niimoto et al. 1987) was employed to test 
whether the effects of PGE 2 in the DTM and PTM sites differed 


Table I, Comparison of proximal tibial (PTM) and distal tibial (DTM) cancellous bone: response to PGE 2 treatment (vs. basal) 





OVX + 6 mg 

OVX + 6 mg 

PGE 2 effect 



Basal 

treated 

vs. basal 

vs. basal 

Parameters 

Sites 

(mean ± SD) 

(mean ± SD) 

(Z score) 3 

( p value) b 

Trabecular area (%) 

PTM 

15.9 ± 2.4 

21.4 ± 7.1 

2.3 ± 2.9 



DTM 

23.7 ± 4.5 C 

45.2 ± 13.2 

4.8 ± 2.9 

p < 0.05 

Trabecular width (p.m) 

PTM 

44 ± 4 C 

57 ± 9 

3.5 ± 2.4 

p < 0.01 

DTM 

145 ± 5 

150 ± 20 

0.7 ± 0.4 


Trabecular number (#/mm) 

PTM 

3.6 ± 0.4 

3.7 ± 0.7 

0.2 ± 2.0 

NS 


DTM 

2.3 ± 0.7 

3.1 ± 1.0 

1.0 ± 1.3 


Trabecular separation (p.m) 

PTM 

338 ± 41 

322 ± 89 

-0.4 ± 2.2 

NS 

DTM 

379 ± 186 

206 ± 105 

-0.9 ± 0.6 


Labeled perimeter (%) 

PTM 

17 ± 2.9 C 

27.6 ± 4.8 

3.6 ± 1.7 

p < 0.01 

DTM 

15.4 ± 8.2 C 

26.3 ± 7.8 

1.3 ± 1.0 


Eroded perimeter (%) 

PTM 

7.9 ± 0.9 C 

11.6 ± 2.8 

4.1 ± 3.1 

p < 0.01 

DTM 

2.6 ± 1.5 

2.1 ± 0.8 

-0.3 ± 0.5 


Mineral apposition (|xm/d) 

PTM 

1.1 ± 0.2 

1.3 ± 0.3 

1.6 ± 1.8 

NS 

DTM 

0.7 ± 0.2 

0.9 ± 0.2 

1.0 ± 1.1 


Bone formation rate/BV (%/yr) 

PTM 

258 ± 76 

405 ± 145 

1.9 ± 1.9 

NS 

DTM 

59.0 ± 25 

94 ± 38 

1.4 ± 1.5 


Bone formation rate/TV (%/yr) 

PTM 

40.5 ± 11. r 

81.6 ± 28.4 

3.7 ± 2.6 

NS 

DTM 

13.9 ± 5.5 C 

43.4 ± 21.6 

5.3 ± 3.9 


Formation period (day) 

PTM 

15.6 ± 5.6 C 

23.2 ± 7.4 

1.4 ± 1.3 

NS 

DTM 

17.0 ± 4.6 C 

25.0 ± 6.6 

1.8 ± 1.4 


Resorption period (day) 

PTM 

7.8 ± 3.2 

12.2 ± 6.7 

1.4 ± 2.1 

NS 

DTM 

4.4 ± 1.3 

3.7 ± 2.7 

-0.5 ± 2.0 


Remodeling period (day) 

PTM 

23.4 ± 8.6 C 

35.4 ± 12.7 

1.4 ± 1.5 

NS 

DTM 

21.3 ± 3.8 

28.7 ± 8.8 

1.9 ± 2.3 


Activation frequency (cyc./yr) 

PTM 

4.2 ± 1.7 

4.3 ± 1.9 

0.04 ±1.1 

NS 

DTM 

2.1 ± 0.6 

3.2 ± 1.9 

2.1 ± 3.5 



a Z score obtained from standardizing each group to an appropriate sets of controls and indicates how many standard changes from appropriate sets of 


controls. Basal will be zero. 

h p Value obtained from the Z test and indicates whether the effect of PGE 2 was different in DTM from PTM. A significant P value thus means that 
there is a significant difference in the effect of PGE, between the PTM and DTM. 
c p < 0.05 Vs. OVX -I- 6 mg PGE 2 group. 



Y. F. Ma et al . : PGE 2 adds bone to cancellous bone sites with closed growth plates in OVX rats 


139 


from the OVX-induced changes with basal-based Z scores (Ta- 
ble I) and whether they differed from the OVX-induced changes 
with OVX-based Z scores (Table II). All changes are significant 
at the p < 0.05 level unless noted otherwise. 

Results 

DTM changes when compared to basal ( see Figs. 2-7). 


Aging effects (sham-OVX). There were no bone mass alter- 
ations, but there was decreased trabecular bone width, node den- 
sity, labeling perimeter, mineral apposition rate and bone for- 
mation rate-tissue and -bone levels and increased eroded perim- 
eter and resorption and remodeling periods. 

Ovariectomy effects (OVX + 0 ). The OVX-induced changes 
were similar to those seen in the sham-OVX rats. 

Ovariectomy plus I mg PGE 2 lkgld (OVX + 1 ). This treatment 
mainly prevented age-related bone changes, that is, it maintained 
the bone histomorphometry at near basal levels. The exceptions 
were increases in remodeling period, formation period and a 
decrease in trabecular width, activation frequency and tissue 
level free end. 

Ovariectomy plus 6 mg PGE 2 lkg/d (OVX -t -6). This treatment 
prevented age-related bone changes, added trabecular bone and 
enhanced bone formation parameters. Both increases in trabec- 
ular area and in tissue-based bone formation rate were at the p < 


0.01 level or less. Furthermore, free ends were lower and ratio of 
node to free end higher. 

DTM changes when compared to 6-month-old (sham-OVX) 
and OVX (Figs. 2-7). 

OVX + O. There were no significant differences between 
6-month-old sham-OVX subjects and the vehicle treatment 
group. 

OVX + / . Most bone formation parameters were higher (la- 
beled perimeter, bone and tissue-based bone formation rates, 
trabecular wall width, formation period). However, cancellous 
bone mass was not higher and bone volume-based free end and 
ratio of node to free end were lower. Nevertheless, new metaph- 
yseal cortical bone was seen with PGE 2 treatment (Fig. 8b). 

OVX + 6. The treated group had higher bone mass and better 
architecture. Trabecular area, width and tissue level node density 
were higher. Trabecular separation, bone- and tissue-level free 
ends were lower along with the stimulated bone formation end- 
points (labeled perimeter, mineral apposition rate, bone- and 
tissue- level bone formation rates, activation frequency). There 
was less eroded perimeter and a shortened resorption period 
when compared to OVX rats. The bone volume-based node 
density was also lower. Higher trabecular area, width, ratio of 
node to free end and bone formation parameters and lower tra- 
becular separation and eroded perimeters were significant at the 
p < 0.01 level or less. 


Table II. Comparison of proximal tibial (PTM) and distal tibia! (DTM) cancellous bone response to PGE 2 treatment (vs. OVX) 





OVX + 6 mg 

OVX + 6 mg 

PGE 2 effect 



OVX + 0 mg 

treated 

vs. OVX/0 

vs. OVX/O 

Parameters 

Sites 

(mean ± SD) 

(mean ± SD) 

(Z score) 8 

(p value ) b 

Trabecular area (%) 

PTM 

3.0 ± 1.8 C 

21.4 ± 7.1 

10.1 ± 3.9 

NS 


DTM 

20.8 ± 3.3 C 

45.2 ± 13.2 

7.4 ± 4.0 


Trabecular width (pm) 

PTM 

36 ± 8 C 

57 ± 9 

2.6 ± 1.1 



DTM 

92 ± 6 C 

150 ± 20 

9.8 ± 3.3 

p < 0.01 

Trabecular number (#/mm) 

PTM 

0.8 ± 0.5 C 

3.7 ± 0.71 

5.8 ± 1.4 

NS 


DTM 

2.3 ± 0.2 

3.1 ± 1.0 

3.3 ± 4.0 


Trabecular separation (pm) 

PTM 

3703 ± 4930 c 

322 ± 89 

-2.7 ± 0.0 

p < 0.01 


DTM 

354 ± 50 c 

206 ± 105 

-1.0 ± 2.1 


Labeled perimeter (%) 

PTM 

24.6 ± 5.3 

27.6 ± 4.8 

0.6 ± 0.9 



DTM 

4.5 ± 1.3 C 

26.3 ± 7.8 

17.0 ± 6.1 

p < 0.01 

Eroded perimeter (%) 

PTM 

16.2 ± 6.9 

11.6 ± 2.8 

-0.7 ± 0.4 

NS 


DTM 

4.6 ± 1.4 

2.1 ± 0.8 

-0.9 ± 0.2 


Mineral apposition rate (pm/d) 

PTM 

0.9 ± 0.1 c 

1.3 ± 0.3 

4.4 ± 2.9 

p < 0.01 


DTM 

0.6 ± 0.1 c 

0.9 ± 0.2 

1.4 ± 0.9 


Bone formation rate/BV (%/yr) 

PTM 

376 ± 87.4 

405 ± 145 

0.3 ± 1.7 



DTM 

18.5 ± 9.4 C 

94 ± 38 

8.1 ± 4.0 

p < 0.05 

Bone formation rate/TV (%/yr) 

PTM 

10.9 ± 6.8 C 

81.6 ± 28.4 

10.5 ± 4.2 



DTM 

3.7 ± 1 ,6 C 

43.4 ± 21.6 

24.8 ± 13.5 

p < 0.01 

Formation period (day) 

PTM 

12.8 ± 1.2 C 

23.2 ± 7.4 

2.4 ± 1.0 

NS 


DTM 

16.3 ± 6.2 C 

25.0 ± 6.6 

1.4 ± 1.1 


Resorption period (day) 

PTM 

4.8 ± 2.2 C 

12.2 ± 6.7 

3.3 ± 2.3 



DTM 

27.3 ± 41. 2 C 

3.7 ± 2.7 

-0.6 ± 0.1 

p < 0.01 

Remodeling period (day) 

PTM 

17.7 ± 1.0 C 

35.4 ± 12.7 

2.7 ± 1.3 



DTM 

43.6 ±46 

28.7 ± 8.8 

-0.3 ± 0.2 

p < 0.01 

Activation frequency (cycle/yr) 

PTM 

9.1 ± 0.9 C 

4.3 ± 1.9 

-0.1 ± 0.4 



DTM 

1.3 ± 0.9 C 

3.2 ± 1.9 

2.3 ± 2.2 

p < 0.01 


a Z score obtained from standardizing each group to an appropriate sets of controls and indicates how many standard changes from appropriate sets of 
controls. OVX will be zero. 

b p value obtained from the Z test and indicates whether the effect of PGE 2 was different in DTM from PTM. A significant p value thus means that there 
is a significant difference in the effect of PGE 2 between the PTM and DTM. 
c p < 0.05 Vs. OVX + 6 mg PGE 2 group. 
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Fig. 1. Microradiographs and fluorescent micrographs showing a partially closed growth plate (a) with its fluorescent labeling (c) in a 3-month-old 
DTM and a closed growth plate (b) with reduced fluorescent labeling (d) in a 6 month old DTM. Asterisk indicates former epiphyseal-metaphyseal 
junction; (a) and (b): X20, (c) and (d): x60. 


Comparison of OVX + PGE 2 -induced changes in the DTM and 
PTM (Tables I and II) 

Tables I and II show the different responses to PGE 2 treatment at 
the DTM and PTM (Ke et al. 1992c) in the same animals. For 
many parameters, the DTM site responded more favorably to 
PGE 2 treatment than the PTM site. When compared to the basal 
or pretreatment controls, PGE 2 treatment did not induce bone 
mass change in the PTM (15.9 ± 2.4% to 21.4 ± 7.1%; p > 
0.05); however, it did add 91% new bone in the DTM (23.7 ± 


4.5% to 45.2 ± 13.2%; p < 0.01). Furthermore, basal control- 
based Z scores for bone mass were higher in the DTM than in the 
PTM (4.8 ± 2.9 vs. 2.3 ± 2.9; p < 0.05); however, increases 
in trabecular width and labeled and eroded perimeters were 
higher in the PTM (Table I). 

In contrast to the above, several parameters improved more in 
the PTM than in the DTM after treatment. When compared to 
changes in the OVX controls, PGE 2 treatment resulted in 600% 
more bone in the PTM (3.0 ± 1.8 to 21.4 ± 7.1%), but only 
87% more in the DTM (20.8 ± 3.3% to 45.2 ± 13.2%). How- 



Fig. 2. Microradiographs showing cancellous bone changes in DTM from basal (a), sham-OVX (b), OVX controls (c), and OVX rats treated with 1 
mg (d) and 6 mg (e) PGE 2 /kg/d for 90 days. There were no obvious differences in bone mass and other microanatomic structures among basal (a), 
sham-OVX (b) and OVX controls (c). Metaphyseal cancellous bone mass was slightly greater in 1 mg PGE 2 /kg/d- treated OVX rats (d) than in basal 
(a), sham-OVX (b) and OVX controls (c). More cancellous bone mass, thicker cortex, and added trabecular bone (WB) were found in the 6-mg 
PGEvtreated OVX rats. One -hundred- micron microradiography section. (x6). 
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ever, the OVX control-based Z scores for bone mass were not 
significantly different (7.4 ± 4.0 in the DTM vs. 10.1 ± 3.9 in 
the PTM). Moreover, other OVX-based Z scores showed the 
trabecular width, labeled perimeter and bone formation rates 
increased more after PGE 2 treatment in the DTM than in the 
PTM, while trabecular separation decreased and mineral appo- 
sitional rate increased more in the PTM than in the DTM (Ta- 
ble II). 

Discussion 

Aging had only a limited effect on the cancellous bone in the 
DTM site between 3- and 6-month-old rats. It reduced the tra- 
becular bone width, bone formation parameters (labeled perim- 


eter, mineral apposition rate and bone formation rate), and in- 
creased the eroded perimeter and the resorption and remodeling 
periods. This resulted in histomorphometric values for the 
6-month-old DTM sites similar to those we previously reported 
in 7-month-old males (Ito et al. 1993). These changes in bone 
resorption and formation activities were not surprising, since at 
3 months the DTM was in the process of closing the epiphysis 
and transforming its primary spongiosa into secondary spongiosa 
(Fig. 1). 

Our study showed that there had been no bone mass lost nor 
had there been any architectural changes 3 months after OVX in 
the DTM. There are several possible explanations for the lack of 
estrogen-deficiency-induced bone loss. One is the extremely low 
bone turnover rate of the DTM. There is a strong relationship 



Fig. 3. The fluorescent micrographs of DTM cancellous bone from basal (a), sham-OVX (b), OVX control (c), and OVX rats treated with 1 (d) and 
6 (e) mg PGE 2 for 3 months. A dramatic reduction in labelling surface was observed in sham-OVX [(b) 6-month-old] compared to those of basal [(a) 
3-month-old] controls. OVX -h 1 mg PGE 2 /kg/d prevented this reduction (d), while OVX -I- 6 mg PGE 2 /kg/d showed increased interlabeling width 
and labeling surfaces (e). Tb = trabeculae; arrows = double labeled surfaces. Twenty-micron sections (xl50). 
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A. Trabecular bone area (%) 

70 n 


B. Trabecular width (jim) 

200 -. 



D. Trabecular number (#/mm) 




H 




o 






Fig. 4. Static histomorphometric indices of DTM cancellous bone. (t)(a) p < 0.05, p < 0.01 vs. basal controls; (*)(b) p < 0.05, p < 0.01 vs. 
sham-OVX controls; (#)(c) p < 0.05, p < 0.01 vs. OVX controls; (@)(d) p < 0.05, p < 0.01 vs. OVX + I mg PGE 2 (mean ± SD). OVX and OVX 
+ 1 mg PGE 2 /kg/d treatment induced no difference from sham-OVX controls. OVX + 6 mg PGE 2 /kg/d increased trabecular area (A), width (B) and 
decreased trabecular separation (E) from OVX controls. 



D. Free end/BV (#/mm A 2) 

40 “] 


E. Ratio of node to free end 

n 



Fig. 5. Microanatomical indices of the DTM cancellous bone, (t) p < 0.05 vs. basal controls; (*) p < 0.05 vs. sham-OVX controls; (#)/?< 0.05 
vs. OVX controls; (@) p < 0.05 vs. OVX + 1 mg PGE 2 (mean ± SD). OVX did not induce any difference from sham-OVX controls. OVX + 1 
mg PGE 2 /kg/d decreased free end density (C and D) and increased ratio of node to free end (E), while OVX + 6 mg PGE 2 /kg/d increased tissue-level 
node density (A). 
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A. Eroded perimeter (%) B. Osteoid perimeter (%) C. Labeling perimeter (%) 



Fig. 6. Dynamic histomorphometric indices of the distal tibial metaphyseal cancellous bone. (t)(a) p < 0.05, p < 0.01 vs. basal controls; (*)(b) p 
< 0.05, p < 0.01 vs. sham-OVX controls; (#)(c) p < 0.05, p < 0.01 vs. OVX controls; (@)(d ) p < 0.05, p < 0.01 vs. OVX + 1 mg PGE 2 (mean 
± SD). There was decreased bone formation (B-F) and increased bone resorption (A) between 3 and 6 months of age. OVX did not cause any difference 
from sham-OVX controls (A-F). OVX + 1 mg PGE 2 /kg/d prevented age-related bone formation decrease (B-F). OVX + 6 mg PGE 2 /kg/d increased 
bone formation (B-F) and decreased bone resorption (A). 



Fig. 7. Trabecular wall width, formation, resorption, remodeling periods and activation frequency of the DTM cancellous bone, (t) p < 0.05 vs. basal 
controls; (*) p < 0.05 vs. sham-OVX controls; {#) p < 0.05 vs. OVX controls; ((&) p < 0.05 vs. OVX + 1 mg PGE 2 (mean ± SD). OVX did not 
cause any difference from sham-OVX controls (A-E). OVX + 1 mg PGE 2 /kg/d increased trabecular wall width (A) and prolonged formation period 
(B) from OVX controls. OVX -I- 6 mg PGE 2 /kg/d increased trabecular wall width (A), activation frequency (E), formation period (B) and shortened 
resorption period (D). 
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Fig. 8. Fluorescent micrographs of a portion of periosteal surface of DTM from OVX (a) and OVX rats treated with 1 mg (b) and 6 mg (c) PGE 2 for 
90 days. More newly formed periosteal bone {*) was observed in OVX + 1 mg (b) and 6 mg (c) PGE 2 /kg/day-treated subjects than in OVX-treated 
subjects (a). XO = xylenol orange label; CL = calcein label; TC = tetracycline label. Twenty-micron sections (x80). 


between OVX-induced bone loss and bone turnover rates in the 
rat, in that OVX-induced cancellous bone loss is greater in the 
PTM than in the LVB metaphyses (Wronski et al. 1988, 
1989a,b), and the bone turnover is much more rapid in the 
PTM (Li et al. 1991). The second explanation pertains to the 
differences in mechanical loading. It is conceivable that the 
DTM is more heavily loaded than the PTM because, with its 
closed growth plate, it lacks a cartilaginous shock absorber to 
absorb some of the mechanical loading and, being situated far- 
ther back in the skeleton, it may bear more body weight. Over- 
loading tends to stimulate bone formation and depress bone re- 
sorption (Frost 1964, 1988a, b; Jee et al. 1990, 1 99 1 a,b); thus, 
the low bone turnover rate in the DTM may be due to heavy 
loading and, in turn, be responsible for the lack of OVX-induced 
bone loss. 

Although the use of a 1 mg PGE 2 treatment on OVX rats did 
not increase cancellous bone mass, it did add new cortical bone 
and increase bone formation parameters which improved archi- 
tecture. A longer treatment period may add extra bone. The 6-mg 
PGE 2 treatment of OVX rats prevented age-related bone 
changes, added extra bone, and improved the microanatomical 
structure appreciably by stimulating bone formation. This is in 
agreement with our previous findings. We have demonstrated 
that this dose will add cancellous and cortical bone to intact, 
OVX and immobilized (IM) limbs (Ke 1992a, c, 1993b; 
Akamine 1992), as well as restore bone loss associated with 
OVX and IM (Mori etal. 1992; Tang et al. 1992; Li et al. 1993). 
Both doses of PGE 2 added periosteal as well as endocortical 
bone mass to the DTM (Figs. 8 and 9). In an earlier report, we 
noted that this treatment added extra bone in tibial diaphyses 
in intact, OVX and IM rats (Jee et al. 1991b,c, 1992a; Tang 
et al. 1992). 

We decided when comparing the responsiveness of the DTM 
and PTM to the ability of PGE 2 to add bone in OVX rats, to base 
comparisons on basal control values rather than on those of the 
OVX control. Since this is a prevention study, the PGE 2 treat- 


ment did not allow OVX-induced bone loss in the PTM, but 
instead it maintained bone in the PTM (pretreatment 15.9% ± 
2.4%, final 21 .4 ± 1 A%\p > 0.05) and added more bone to the 
DTM (pretreatment 23.7 ± 4.5%, final 45.2 ± 13.2%; p < 
0.01). Thus, it was more realistic to compare the PGE 2 effects to 
pretreatment or basal controls. Nevertheless, it was useful to 
determine an OVX-control-based Z score because it tested the 
responses of the two sites where OVX had had no effect on the 
DTM bone mass but had induced bone loss in the PTM. The 
OVX-based Z score did not show any significant difference be- 
tween increases in bone mass in the DTM and those in the PTM . 
However, most of the bone formation endpoints (increased 
width, labeled perimeter, bone formation rates and activation 
frequency and shortened resorption and remodeling periods; 
Table II) were higher in the DTM. The DTM is more responsive 
than the PTM to PGE 2 ’s ability to induce a positive bone bal- 
ance. The same conclusion was reached in an earlier study com- 
paring the response of PGE 2 -induced bone formation in intact 
male Sprague-Dawley rats (Ito et al. 1993; Ke et al. 1993a). 

The fact that no cancellous bone loss was induced in the 3 
months post-OVX in the DTM (a cancellous bone site with a 
closed growth plate) suggests that bone is not lost at a uniform 
rate in all skeleton sites after menopause. Some sites may not 
lose any bone after OVX; however, a longer-term study is 
needed to confirm this. Finding variable rates of bone loss in rats 
may be analogous to finding different fracture rates in humans. 
This is borne out in humans where osteoporotic fractures are seen 
predominantly in the vertebral column, distal forearm (Colles) 
and the hip. In addition, the finding that PGE 2 can add bone to 
low turnover cancellous bone sites indicates that bone anabolic 
agents will be effective in senile (Type II) osteoporosis (i.e. , low 
turnover osteoporoses). It also suggests the presence of osteopro- 
genitor cells capable of responding to PGE 2 in the DTM and, 
perhaps, other fatty marrow sites. In this regard, the rat DTM 
can be used to advantage as another site for studying the effects 
of such anabolic agents on bone. 



Fig. 9. Fluorescent micrographs of a portion of endocortical surface of DTM from OVX control (a), and OVX rats treated with 1 mg (b) and 6 mg 
(c) PGE 2 for 90 days. Newly formed endocortical bone (*) was observed only in the OVX + 1 mg and 6 mg PGE 2 /kg/d treated rats (b and c). XO 
= xylenol orange label; CL = calcein label; TC = tetracycline label. Twenty-micron sections (x80). 




145 


Y. F. Ma et al.: PGE 2 adds bone to cancellous bone sites with closed growth plates in OVX rats 


Acknowledgments: This work was supported mainly by a grant from the 
National Institutes of Health (AR-38346). It was also partially supported 
by a research contract from the Department of Energy (DE-AC02- 
76EV001 19), and a grant from the National Aeronautics and Space Ad- 
ministration (NAG-2-435). We thank Dr. Charles Hall and Mr. Ronald 
E. Lane of the Upjohn Company for the PGE 2 . We also thank R. B. 
Setterberg and Drs. B. Y. Lin, Q. Q. Zeng and L. Y. Tang for their 
expert assistance and advice. 

References 

Akamine, T.; Jee, W. S S., Ke, H. Z., Li, X. J.; Lin, B Y Prostaglandin E 2 
prevents bone loss and adds extra bone to immobilized distal femoral metaph- 
ysis in female rats. Bone 13:11-22; 1992. 

Compston, J. E.; Mellish, R. W. E.; Garrahan, N. J. Age-related changes in iliac 
crest trabecular microanatomic bone structure in man. Bone 8:289-292; 1987. 
Compston, J. E ; Mellish, R. W. E,; Croucher, P.; Newcombe, R.; Garrahan, 
N. J. Structural mechanisms of trabecular bone loss in man. Bone Min. 6:339- 
350; 1989. 

Dawson, A. B The age order of epiphyseal union in the long bones of the albino 
rat. Anat. Rec. 31:1-17, 1925. 

Frost, H. M. The Laws of Bone Structure . Springfield, IL. Charles C. Thomas; 
1964. 

Frost, H. M. Histomorphometry of trabecular bone. 1. Theoretical correction of 
apposition al rate measurements. Jaworski, Z. F. G. ed. Bone morphometry \ 
Ottawa: University of Ottawa Press; 1976; 361-370. 

Frost, H. M. A method of analysis of trabecular bone dynamics. Meunier, P J . ed. 
Bone histomorphometry. Toulouse: Societe de la Nouvelle Imprimerie Foumie; 
1977;445-476. 

Frost, H. M.; Griffith, D. L.; Jee, W. S. S.; Kimmel, D. B ; McCandlis, R. P.; 
Teitelbaum, S. L. Histomorphometric changes in trabecular bone of renal fail- 
ure patients treated with calcifediol. Metab. Bone Dis. Rel. Res. 2:285-295; 
1981. 

Frost, H. M. Bone histomorphometry: analysis of trabecular bone dynamics. 
Recker, R. R., Ed. Bone histomorphometry: techniques and interpretation. 
Boca Raton, FL: CRC Press; 1983; 109-131. 

Frost, H. M. Structural adaptations to mechanical usage: A three-way rule for 
lamellar bone modeling. Comp. Vet. Orthop. Trauma 1:7-17 and 2:80-85; 
1988a. 

Frost, H. M. Vital biomechanics: General concepts for structural adaptations to 
mechanical usage. Calcif. Tissue Int. 42:145-156; 1988b. 

Frost, H. M. Skeletal structural adaptations to mechanical usage (SATMU): Re- 
defining Wolffs Law: the bone modeling problem. Anat. Rec. 226:403-413; 
1990a. 

Frost, H. M. Skeletal structural adaptations to mechanical usage (SATMU). Re- 
defining Wolffs Law. The remodeling problem. Anat. Rec. 226:414-422; 
1990b. 

Gasser. J. A.; Jerome, C. P. Parathyroid hormone: a cure for osteoporosis? Tri- 
angle 31:111-121; 1992. 

Garrahan, N. J.; Mellis, R. W. E.; Compston, J. E. A new method for the two- 
dimensional analysis of bone structure in human iliac crest biopsies. J. Mi- 
crosc. 143:341-349; 1986. 

Hodgkinson, A.; Aaron, J. E.; Horsman, A.; McLachlan, M. S. F.; Nordin, 
B. E. C. Effects of oophorectomy and calcium deprivation on bone mass in the 
rat. Clin. Sci. Molec. Med. 54:439-446; 1978. 

Ito, H.; Ke, H. Z.; Jee, W. S. S. Response of an aged cancellous bone site to long 
term prostaglandin E 2 treatment. Bone Min. 21:219-236; 1993. 

Jee, W. S. S.; Inoue, J.; Jee, K. W.; Haba, T. Histomorphometric assay of the 
growing long bone. Takahashi, H., ed. Handbook of bone morphology. Niigata 
City, Japan: Nishimusa; 1983; 101-122. 

Jee, W. S. S.; Li, X. J. Adaptation of cancellous bone to overloading in the adult 
rat: a single photon absorptiometry and histomorphometry study. Anat. Rec. 
227:418-426; 1990. 

Jee, W. S. S.; Li, X. J.; Ke, H. Z. The skeletal adaptation to mechanical usage in 
the rat. Cells Mater. Suppl. 1:131-142; 1991a. 

Jee. W. S. S ; Li, X. J.; Schaffler, M. Adaptation of diaphyseal structure with 


aging and increased mechanical usage in the adult rat: a histomorphometrical 
and biomechanical study. Anat. Rec 230:332-338; 1991b. 

Jee, W. S. S.; Mori, S.; Li, X. J.; Chan. S. Prostaglandin E 2 enhances cortical 
bone mass and activates intracortical bone remodeling in intact and ovariecto- 
mized female rats. Bone 11:253-266; 1991c. 

Jee. W. S. S.; Ke, H. Z ; Li, X J. Long term anabolic effect of prostaglandin E 2 
on tibial diaphyseal bone in male rats. Bone Min. 15:33-55; 199 Id. 

Jee, W. S. S. The aged rat model for bone biology studies. Jee, W. S. S., ed. 
Cells Mater. Suppl. 1:1-92; 1991. 

Jee, W. S. S.; Akamine, T.; Ke, H. Z.; Li, X J.; Tang, L. Y.; Zeng. Q. Q. 
Prostaglandin E 2 prevents disuse-induced cortical bone loss. Bone 13: 153-159; 
1992a. 

Jee, W. S. S.; Ke, H. Z.; Ito, H. Selection of proper site for analysis of anabolic 
bone responses. Second Rat Skeleton Workshop, Chicago, IL; 1992b. 

Jee, W. S. S.; Tang. L. Y.; Ke, H Z.; Setterberg, R. B.; Kimmel, D. B. Main- 
taining restored bone with bisphosphonate in the ovariectomized rat skeleton: 
dynamic histomorphometry of changes in bone mass. Bone 14:493-498; 1993. 

Kalu, D. N.; Liu. C.-C.; Salerno, E.; Hollis, B.; Echon, R.; Ray, M. Skeletal 
response of ovariectomized rats to low and high dose of 17 (3-estradiol Bone 
Min. 15:175-192; 1991. 

Ke. H. Z , Li, X. J ; Jee, W. S. S Partial loss of anabolic effects of prostaglandin 
E 2 on bone after its withdrawal in rats. Bone 12:173-183; 1991. 

Ke, H. Z.; Jee, W. S. S.; Mori. S,. Kimmel, D B Effect of long term daily 
administration of prostaglandin E 2 on maintaining elevated proximal tibial 
metaphyseal cancellous bone in adult male rats. Calcif. Tissue Int. 50:245- 
252; 1992a. 

Ke, H. Z.; Jee, W. S. S. The effects of daily administration of prostaglandin E 2 
and its withdrawal on the lumbar vertebral bodies in male rats Anat. Rec. 
234:172-182; 1992b. 

Ke, H. Z ; Li, M ; Jee, W. S. S. Prostaglandin E 2 prevents ovariectomy- induced 
cancellous bone loss in rats. Bone Min. 19:45-62; 1992c. 

Ke, H. Z., Jee, W. S. S.; Ito, H ; Setterberg, R. B.; Li, M.; Lin, B Y.; Liang, 
X. G.; Ma, Y. F Greater bone formation induction occurred in aged than in 
young cancellous bone sites. Bone 14:481^485; 1993a. 

Ke, H. Z ; Jee, W. S. S,; Zeng, Q. Q.; Li, M.; Lin, B. Y. Prostaglandin E 2 
increased rat cortical bone mass when administrated immediately following 
ovariectomy. Bone Min. 21:189-201; 1993b. 

Kimmel, D. B.; Jee, W. S. S. A quantitative histologic analysis of the growing 
long bone metaphysis. Calcif. Tissue hit. 32:113-122; 1980. 

Kimmel, D. B.; Jee, W. S. S. A quantitative histologic study of bone turnover in 
young adult beagles. Anat. Rec. 203:35-51, 1982. 

Li, X. J.; Jee, W. S. S.; Ke, H. Z., Mori, S.; Akamine, T. Age-related changes 
of cancellous and cortical bone histomorphometry in female Sprague-Dawley 
rats. Cells Mater. Suppl. 1:25-35; 1991. 

Li, M.; Jee, W. S. S.; Ke. H. Z.; Liang, X. G , Lin. B Y.; Ma, Y. F ; Setter- 
berg, R. B. Prostaglandin E 2 restores cancellous bone to immobilized limb and 
adds bone to overloaded limb in nght hindlimb immobilization rats. Bone 
14:283-288; 1993. 

Lindsay, R.; Cosman. F. Primary osteoporosis. Coe, F. L.; Favas, M. J. eds. 
Disorders of bone and mineral metabolism . New York: Raven Press; 1992; pp. 
831-888. 

Mori, S.; Jee, W. S. S.; Li, X. J., Chan. S.; Kimmel, D. B. Effects of prosta- 
glandin E 2 on production of new cancellous bone in axial skeleton of ovari- 
ectomized rats. Bone 11:102-113; 1990. 

Mori, S.; Jee, W. S. S.; Li, X. J. Production of new trabecular bone in osteopenic 
ovariectomized rats by prostaglandin E 2 . Calcif. Tissue Int 50:80-87; 1992, 

Nanivadekar, A. S.; Kannappan, A. R. Statistics for clinicians. 2. Nominal data 

(I) . J. Assoc. Physicians India 38(12):931-935, 974; 1990. 

Nanivadekar, A. S.; Kannappan, A. R. Statistics for clinicians. 3. Nominal data 

(II) . J. Assoc. Physicians India 9(2): 194- 198, 222; 1991. 

Neter, J.; Wasserman, W.; Whitmore, G. A. Applied statistics. Boston: Allyn and 
Bacon; 1982; 544-572. 

Niimoto, M.; Hattori. T.; Tamada. R ; Sugimachi, K.; Inokuchi, K ; Ogawa, N. 
Mitomycin C plus carmofur (HCFU) adjuvant chemotherapy for noncuratively 
resected cases of colorectal carcinoma (interim report). Jpn. J. Surg. 17(5): 
354-361; 1987. 

Podenphant, J.; Engel, U. Regional variations in histomorphometric bone dynam- 
ics from the skeleton of an osteoporotic woman. Calcif. Tissue Int. 40:184- 
188: 1987. 

Tang, L. Y.; Jee. W. S. S.; Ke, H. Z ; Kimmel, D. B. Restoring and maintaining 


146 


Y. F. Ma et al.: PGE 2 adds bone to cancellous bone sites with closed growth plates in OVX rats 


bone in osteopenic female rat skeleton: 1. Changes in bone mass and structure. 
J Bone Miner. Res. 7:1093-1104; 1992. 

Wronski, T. J.; Cintron, M.; Dann, L. M. Temporal relationship between bone 
loss and increased bone turnover in ovariectomized rats. Calcif. Tissue Int. 
43:179-183; 1988. 

Wronski, T. J.; Dann, L. M ; Scott, K, S.; Cintron, M Long-term effects of 
ovariectomy and aging on the rats skeleton. Calcif. Tissue Int 45:360-366; 
1989a. 

Wronski, T. J.; Dann. L. M.; Homer, S. L. Time course of vertebral osteopenia in 
ovariectomized rats. Bone 10:295-301; 1989b. 


Wronski, T. J.; Yen, C.-F The ovariectomized rat as an animal model for post- 
menopausal bone loss. Cells Mater Suppl. 1:69-74; 1992. 

Zhao, L. P.; Thompson, E.; Prentice. R. Joint estimation of recombination frac- 
tions and interference coefficients in multilocus linkage analysis. Am. J . Hum. 
Genet. 47(2): 255-265; 1990. 


Date Received: April 7, 1993 
Date Revised: September 2, 1993 
Date Accepted: September 27, 1993 



